Objective: To assess the impact of maternal obesity and excessive gestational weight gain (GWG) on maternal and neonatal iron status and to explore the possible mediating role of inflammation on hepcidin. Methods: This analysis included 230 pregnant adolescents (13-18 years) enrolled in either a longitudinal or a cross-sectional study. Prepregnancy body mass index (ppBMI) and GWG were obtained from medical records. Maternal iron status (hemoglobin, serum iron, ferritin, transferrin receptor, total body iron, and hepcidin) and inflammation (interleukin-6 [IL-6] and leptin) were assessed at midgestation (26.2 + 3.3 weeks) in the longitudinal cohort and at delivery (39.8 + 1.3 weeks) in both study cohorts. Cord blood was collected in both studies and analyzed for iron indicators. Results: Approximately 40% of the adolescents entered pregnancy overweight or obese. Multivariate analysis identified ppBMI as a negative predictor of serum iron at midgestation (P ¼ .009) and a positive predictor of serum hepcidin at delivery (P ¼ .02). None of the other maternal iron status indicators were significantly associated with ppBMI or GWG. Serum IL-6 was significantly positively associated with hepcidin at delivery (P ¼ .0001) but not at midgestation. There was a positive relationship between ppBMI and cord hemoglobin (P ¼ .03). Conclusion: These results suggest that adiposity-related inflammation does not override the iron-mediated signals that regulate hepcidin production during pregnancy, and in this adolescent cohort, there is no strong evidence for a detrimental effect of maternal obesity and excessive weight gain on iron status in the offspring at birth.
Introduction
Approximately 60% of US women of reproductive age are overweight or obese, 1 and women are gaining excessive weight during pregnancy. 2 Maternal obesity and excessive gestational weight gain (GWG) are associated with various adverse obstetric and neonatal outcomes including preeclampsia, stillbirth, cesarean delivery, congenital anomalies, and macrosomia. 2, 3 Although obesity and excessive GWG are common, iron deficiency (ID) remains a public health problem, with 30% of US pregnant women having depleted body iron in the third trimester. 4 Epidemiological studies have long noted a link between obesity and low iron status across age-groups. 5 Recent research suggests this association may be mediated by the proinflammatory cytokine interleukin 6 (IL-6), which directly stimulates production of the iron regulatory hormone hepcidin. 6 Hepcidin induces the degradation of the cellular iron exporter ferroportin and limits iron mobilization from intestinal iron absorption, macrophage iron recycling, and liver iron stores. 7 In addition to IL-6, the adipokine leptin has been shown to stimulate hepcidin transcription and may represent another explanation for the association between adiposity and low iron status. 8 In support of the mediating role of inflammation in the obesity-hepcidin link, studies in children and nonpregnant women found higher circulating IL-6 and hepcidin in obese compared with normal-weight controls. [9] [10] [11] It is unclear whether hepcidin responds similarly to adiposity and inflammation during pregnancy, but a recent study suggests this may be the case. 5 In 30 lean and obese pregnant women, serum hepcidin was 2 times higher in the obese group, and serum iron was lower in neonates born to obese mothers. However, serum iron is not a sensitive marker of iron status, and possible confounders such as dietary iron intake and race were not controlled for. A recent study in 316 diabetic and nondiabetic pregnant women showed that maternal obesity was associated with lower neonatal serum ferritin (SF). 12 However, this association appeared to be driven by maternal diabetes, as it was no longer significant in the nondiabetic group. In addition, this study did not measure hepcidin or inflammatory markers, thus, it is unclear whether the observed association between maternal obesity and neonatal iron status was mediated by inflammationassociated increase in maternal hepcidin. Concurrent assessment of hepcidin and inflammation in healthy patients is needed to clarify the association between adiposity and iron status in uncomplicated pregnancies.
In a large group of healthy pregnant adolescents, we aimed to (1) evaluate the impact of prepregnancy body mass index (ppBMI) and GWG on serum hepcidin and iron status indicators, (2) examine the relationships between IL-6 and leptin with hepcidin, and (3) examine the relationships between ppBMI and GWG with neonatal hepcidin and iron status at birth.
Participants and Methods

Study Design and Participants
A total of 255 pregnant adolescents (13-18 years) were enrolled in 2 studies undertaken in Rochester, New York, between 2005 and 2012. The first study (n ¼ 158) was designed to characterize longitudinal changes in maternal bone in relation to fetal bone growth, and the second study (n ¼ 144) aimed to examine cross-sectional relationships between maternal and neonatal iron status. Details regarding study design as well as the primary study results on vitamin D and bone growth 13, 14 and iron status 15 have been published previously. A total of 47 teens participated in both studies, making the combined sample size 255. Both studies collected maternal and cord blood at delivery, and the longitudinal study collected an additional maternal blood sample at midgestation (26.2 + 3.3 weeks). The 2 study cohorts were recruited using similar eligibility criteria (age 18 years and gestational age ! 12 weeks at study entry, singleton pregnancy, and no known medical conditions including diabetes, HIV, or malabsorption diseases), and the 2 cohorts did not differ in ppBMI, GWG, or maternal iron status at delivery. Of the 255 pregnant adolescents, 7 did not have self-reported ppBMI, 15 did not have recorded weight at delivery, 46 did not have delivery iron status measurement due to lack of blood sample associated with adverse birth outcomes (n ¼ 22), and other miscellaneous situations such as study personnel were not notified about delivery or teens refused to give blood or were transferred to other hospitals for delivery. One participant with biologically implausible weight loss (14 kg) from prepregnancy to midgestation was excluded from all the analyses. The final study population consisted of 230 pregnant adolescents in whom complete data on ppBMI, GWG, and iron status assessment at midgestation (n ¼ 144) and/or at delivery (n ¼ 207) were available.
Weight Gain Determinations
Prepregnancy body mass index (kg/m 2 ) was calculated using prepregnancy weight and height recorded in the medical chart. Body mass index categories were defined in accordance with Institute of Medicine (IOM) guidelines as underweight: body mass index (BMI) < 18.5; normal weight: BMI 18.5 to 24.9; overweight: BMI 25 to 29.9; or obese: BMI ! 30. In some analyses, we further classified obesity into class 1 (BMI 30-34.9), class 2 (BMI 35-39.9), and class 3 (BMI ! 40). 16 Due to the small number of teens with class 3 obesity (n ¼ 3), class 2 and class 3 obesity were collapsed into 1 group (n ¼ 13). Total GWG was calculated as the difference between prepregnancy weight and weight recorded by clinical staff at delivery. Adequate total GWG was defined as a total weight gain of 12.5 to 18 kg for underweight women, 11.5 to 16 kg for normalweight women, 7 to 11.5 kg for overweight women, and 5 to 9 kg for obese women. 2 For participants in the longitudinal cohort, weight data were also available at midgestation corresponding to the time when the maternal blood samples were obtained. We determined the range of adequate weight gain specific to the gestational week at midgestation using ppBMIspecific recommendations for the first trimester and total GWG according to the method by Chmitorz et al. 17 
Biochemical Analyses
All whole blood samples were assessed for hemoglobin (Hb) by the hospital clinical laboratory as reported. 18 Serum was stored at À80 C until analysis. Serum ferritin and soluble transferrin receptor (sTfR) were assessed using enzyme-linked immunosorbent assay (ELISA) kits (Ramco Laboratories, Stafford, Texas). Maternal total body iron was calculated from SF and sTfR using the equation by Cook et al. 19 Anemia and ID were determined using established cutoffs and detailed in Supplemental Methods. Serum erythropoietin (EPO) and C-reactive protein were measured by the Immulite 2000 immunoassay system (Siemens, Los Angeles, California). Serum hepcidin was measured by Intrinsic LifeSciences (La Jolla, California) using a competitive ELISA with a lower limit of detection of 5 mg/L. 20 Hepcidin values <5 mg/L were assigned a value of 2.5 mg/L for the purposes of data analysis. 21 Serum iron was measured by graphic furnace atomic absorption spectrophotometry (Perkin Elmer AAnalyst 800, Norwalk, Connecticut) in samples without visual signs of hemolysis (81.8% of total available). Serum IL-6 was measured with a multiplex assay kit (Millipore, Billerica, Massachusetts). Serum leptin was analyzed by ELISA (Millipore).
Questionnaires About Dietary Iron Intake
Participants from both studies self-reported their frequency of prenatal supplement use and their current smoking status in a health questionnaire administered at the entry into the study (25.3 + 7.3 weeks). Dietary iron intake was estimated by 24-hour dietary recall in both studies by a registered dietician using the Nutrition Data System for Research (University of Minnesota, Minneapolis, Minnesota). Dietary recalls were conducted up to 3 times during early, mid, and late gestation in conjunction with prenatal care visits. Dietary intake data from all recalls were averaged for each participant and used in all analyses.
Statistical Analyses
All variables were entered into a database by trained study personnel and checked by a member of the research team. Data were analyzed using JMP Pro 10 (SAS Institute, Cary, North Carolina). Two adolescents self-identified as American Indian. Excluding these 2 participants did not change any of the study results, and none of the race-specific analyses differed if these 2 adolescents were grouped with either the African American or the caucasian cohort. To meet the requirement of statistical assumptions and power considerations, data from the 2 adolescents were included within the African American race cohort.
Variables with skewed distributions were log transformed (except for cord hepcidin, which was transformed using square root) before analysis. Differences in biochemical measures between ppBMI and GWG categories were assessed by analysis of variance and Tukey post hoc tests. Linear trends across increasing ppBMI categories were analyzed by contrast analysis of variance. Bivariate correlations were analyzed by Pearson correlation. The relationships between ppBMI and GWG with iron status were also analyzed in multivariate models controlling for maternal age, race, gestational age at blood draw, and dietary iron intake. For models of hepcidin at delivery, delivery mode (vaginal and cesarean) was also included, as a previous study showed differences in maternal hepcidin by mode of delivery. 22 Data were reported as mean + standard deviation (SD). P values < .05 were considered statistically significant, and P values < .1 were considered as marginally significant.
Results
Demographic characteristics of the study population (n ¼ 230) stratified by ppBMI are presented in Table 1 . Average age of 
Relationships Between ppBMI and Weight Gain With Inflammation Across Gestation
We examined ppBMI both as a categorical and a continuous variable in relation to cytokine levels across gestation. At midgestation, approximately 40.9% of the teens had elevated C-reactive protein (CRP; >5 mg/L). Serum leptin, CRP, and IL-6 were >2 times higher in obese compared with normalweight teens ( Table 2 ) and showed significant positive intercorrelations (P < .05 for all correlations). At delivery, leptin remained elevated in the overweight and obese groups, but IL-6 in the obese teens no longer differed from the normalweight group. Bivariate analyses showed that ppBMI was positively associated with serum leptin (r ¼ 0.58, P < .0001), CRP (r ¼ 0.50, P < .0001), and IL-6 (r ¼ 0.24, P ¼ .004) at midgestation. At delivery, ppBMI was positively correlated with leptin (r ¼ 0.48, P < .0001) but not with IL-6.
We also compared inflammatory markers between weight gain categories. At midgestation, serum leptin but not IL-6 was significantly higher in teens who gained above the recommended range compared with those gaining within or below the recommended range ( Supplemenatary Table S1 ). At delivery, leptin remained elevated in teens with excessive GWG, but there was no difference in IL-6 between GWG groups.
Relationships Between ppBMI and Weight Gain With Maternal Iron Status Across Gestation
Maternal iron status indicators and hepcidin by ppBMI categories are shown in Table 2 . None of the maternal iron status indicators at midgestation or at delivery differed significantly among ppBMI categories. Teens gaining lower than recommended GWG had lower hepcidin at delivery compared with those who gained within or greater than the recommended range ( Supplementary Table S1 ). There was no difference in the prevalence of anemia and ID between ppBMI or GWG groups. Further dividing obesity categories into class 1 and class 2 or above revealed that serum hepcidin at midgestation in adolescents with class 2 and 3 obesity was 1.5 times higher than the normal-weight group (39.6 vs 27.3 mg/L, P ¼ .1). Similar to hepcidin, SF at midgestation was significantly elevated in teens with ppBMI ! 35 compared with the normal-weight teens (46.0 vs 22.4 mg/L, P ¼ .02).
Possible relationships were explored with ppBMI and weight gain as continuous traits in relation to iron status and hepcidin across gestation. There was a weak positive correlation between ppBMI and serum hepcidin at midgestation (r ¼ 0.17, P ¼ .04; Figure 1A ), but this relationship lost significance after controlling for maternal age, race, gestational age at midgestation, weight gain at midgestation, and dietary iron intake (Table 3) . Serum hepcidin at delivery was positively correlated with ppBMI (r ¼ .19, P ¼ .006; Figure 1B) , and ppBMI remained a significant positive predictor of maternal hepcidin at delivery after adjusting for age, race, gestational age at delivery, delivery mode, and dietary iron intake (Table 3) . Serum iron at midgestation was inversely associated with ppBMI both in the bivariate analysis (r ¼ À0.21, P ¼ .02) and in the adjusted model (Table 3 ). Additional adjustment for smoking during pregnancy did not change the relationships between ppBMI with hepcidin or serum Fe. No relationship was evident between GWG and maternal iron status, except for a trend of a positive correlation between GWG and serum EPO at delivery (r ¼ .12, P ¼ .08).
Relationships Between Hepcidin With IL-6 and Leptin Across Gestation
To explore a possible mediating role of inflammation in the relationship between ppBMI and hepcidin, we analyzed the relationships between serum IL-6 and leptin with hepcidin across pregnancy.
At midgestation, there was a trend for a positive correlation between IL-6 and hepcidin (r ¼ 0.15, P ¼ .08; Figure 1C ). Serum IL-6 at delivery was on average 2.2 times higher than midgestation and was positively correlated with serum hepcidin (r ¼ .27, P ¼ .0001; Figure 1D ). Leptin was not associated with hepcidin at midgestation or at delivery. Excluding participants with undetectable hepcidin at delivery further strengthened the positive correlation between hepcidin and IL-6 (r ¼ .37, P < .0001). Serum IL-6 remained a significant positive predictor of hepcidin in multivariate analysis controlling for age, race, gestational age at delivery, and delivery mode (b ¼ .23, P ¼ .0001, r2 ¼ .09). A model that included SF, EPO, and IL-6 at delivery explained 22% of the variation in hepcidin at delivery.
Relationships Between ppBMI and GWG With Neonatal Hepcidin and Iron Status
Neonatal iron status indicators in each maternal ppBMI category are presented in Table 2 . Anemia was evident in 24% of the newborns at birth, and 25% of the neonates had SF < 76 mg/L, a cutoff that was previously associated with poor psychomotor performance at 5 years of age. 23 Infants born to obese mothers had greater body iron content than those born to normal-weight mothers (184.0 mg vs 160.2 mg, P ¼ .01). Neonates born to adolescents in higher ppBMI categories had higher cord Hb (P for trend ¼ .03). None of the other neonatal iron status indicators including hepcidin differed among maternal ppBMI groups ( Table 2 ). With the exception of body iron content, none of the neonatal iron status indicators showed significant differences between teens who gained excess weight compared to those who gained within the normal range (Supplemrntary Table S1 ).
Multivariate regression was used to assess the influence of ppBMI and GWG on neonatal iron status controlling for infant weight, sex, and gestational age at birth (Table 4 ). Neither ppBMI nor GWG was significantly associated with cord SF, sTfR, serum Fe, EPO, body iron content, or hepcidin. Higher GWG tended to be associated with lower cord hepcidin (b ¼ À0.073, P ¼ .07). Similar to the finding in categorical analysis, ppBMI was a positive predictor of cord Hb (b ¼ .10, P ¼ .03).
Discussion
This is the first study to examine the impact of both ppBMI and GWG on hepcidin and iron status in a large cohort of pregnant adolescents and their neonates. Concurrent assessment of inflammatory markers and hepcidin provided a unique opportunity to explore possible mediating factors in the relationship between obesity and iron status. We report for the first time different relationships between ppBMI, serum IL-6, and hepcidin at midgestation compared to those at delivery. Maternal obesity was associated with elevated serum IL-6 but not hepcidin at midgestation. Serum IL-6 at delivery was on average 2.2 times higher than midgestation and was positively correlated with serum hepcidin at delivery. With the exception of serum iron, obesity and excessive GWG did not negatively impact maternal iron status during pregnancy. In contrast to our hypothesis, maternal obesity had no negative impact on neonatal iron status and was positively associated with cord Hb concentrations. Collectively, our results suggest that adiposity-associated inflammation does not override the impact of low iron status in regulating hepcidin production during pregnancy, and there is little evidence for a detrimental effect of maternal obesity and excessive GWG on iron status in the offspring at birth. Studies in nonpregnant women (n ¼ 40) 11 and pregnant adults (n ¼ 29) 5 demonstrated a 9 times and 2 times greater serum hepcidin, respectively, in the obese than the normal-weight group. In our study, serum hepcidin in obese pregnant adolescents was not significantly elevated compared with the normal-weight group. This discrepancy may reflect differences in the degree of adiposity between populations. Average BMIs of the obese participants in previous studies were above the cutoff for class 2 obesity, whereas the majority of obese teens in our study had class 1 obesity. When the obese group in our study was further stratified into different classes of obesity, we observed a 50% increase in hepcidin in adolescents with class 2 and class 3 obesity compared with the lean group. Although this increase did not reach statistical significance, our data are consistent with previous studies that showed higher hepcidin in very obese individuals and support the notion that a certain level of adiposity may be necessary to elicit significant elevations in hepcidin. 24 The increased hepcidin in the high ppBMI group did not appear to be mediated by inflammation, as neither IL-6 nor leptin was associated with hepcidin at midgestation. It is possible that other hepcidin regulators, such as bone morphogenetic protein 6 25 and IL-22, 26 contributed to the hepcidin increase in adolescents with the greatest obesity. The significance of these hepcidin modulators in severely obese populations warrants further investigation. A negative association between ppBMI and serum iron was evident at midgestation, consistent with data in women and female adolescents. [27] [28] [29] The link between low serum iron and adiposity is often attributed to inflammation-induced increases in hepcidin, but the lack of association between hepcidin and serum iron in our study and others [30] [31] [32] does not support this explanation. An alternative explanation has been proposed 27, 28 and involves lipocalin 2, an iron binding protein highly expressed in adipose tissue. 33, 34 Adipose lipocalin 2 increases in obesity 35 and may lead to iron sequestration in adipose tissue.
We assessed a potential mediating role of inflammation in the link between weight and hepcidin by measuring cytokines (IL-6 6 and leptin 8 ) that have been shown to stimulate hepcidin production. Consistent with obesity-associated inflammation, 36 IL-6, leptin, and CRP at midgestation were significantly elevated in obese compared to lean adolescents. However, neither IL-6 nor leptin was correlated with hepcidin during pregnancy. Positive correlations between IL-6 and hepcidin have been reported in patients with end-stage renal disease 37 and sepsis 38 but not in healthy premenopausal 11 or pregnant women. 5, 32 The absence of positive relationships in individuals without severe inflammation may suggest that a threshold level of IL-6 must be reached to significantly impact hepcidin production.
The high prevalence of anemia in our study is consistent with previous reports in adolescent pregnancy. 39, 40 Common causes of anemia include nutritional deficiencies, chronic diseases, parasitic infections, and genetic hemoglobinopathies, with ID typically accounting for half of the cases with anemia. 41 A unique cause of low Hb concentrations in pregnant women is the physiological expansion of plasma volume across gestation. To account for the hemodynamic changes in anemia determination, Hb cutoffs used to define anemia across pregnancy are trimester specific and are adjusted downward. However, as found in the general population, the majority of anemia in pregnant women is believed to be attributable to ID. 42 This is supported by our study and the studies by others in minority populations demonstrating that approximately one-third to one-half of the cases with anemia were associated with ID defined by low SF. 15, 40, 43 Although ID cutoffs are not adjusted for plasma volume expansion and remain static over gestation, the significant correlations observed between Hb and serum iron status indicators in our studies in pregnant adolescents, 15, 40 as well as the similar pattern of increases in both ID and anemia across gestation, 4 provide further validation of the close relationship between ID and anemia in pregnancy.
There was no evidence for a negative impact of maternal ppBMI and GWG on neonatal iron status. Consistent with findings in adult pregnant women, 12 neonates born to obese adolescents had higher Hb than those born to normal-weight mothers. This observation may reflect higher red blood cell mass in infants born to mothers with high ppBMI. Similar to the findings in nondiabetic pregnant women, 12 there was no significant relationship between maternal BMI and cord SF in pregnant adolescents. It is unclear why we, and others, 12 did not observe an inverse relationship between maternal BMI and cord serum iron as reported previously. 5 More studies are needed to clarify the impact of maternal weight on neonatal iron status in women with healthy pregnancies.
Major strengths of this study included (1) the large sample size, (2) concurrent measurement of inflammatory cytokines (IL-6 and leptin) and hepcidin at multiple time points across gestation, (3) controlling for key confounding variables including dietary iron intake and delivery mode, and (4) the use of a comprehensive panel of iron status indicators to assess iron status in the mother and her neonate. Literature on the association between obesity and hepcidin during pregnancy is scarce, and even less is known about whether maternal obesity and inflammation negatively impacts neonatal iron status. The sample size of the current analysis is the largest among all studies to date on the topic of adiposity and iron status during pregnancy and allowed for a comparison of iron status across all prepregnancy weight and GWG categories. Additional measurements of IL-6 and leptin further strengthened the biological plausibility of the obesity-iron link and addressed the paucity of literature on the determinants of iron status in pregnant populations with a high prevalence of obesity and excessive GWG.
This study also has limitations. First, prepregnancy weight was self-reported and may have led to misclassification of ppBMI and may have biased the difference between weight groups toward null. Due to the large number of unplanned pregnancies and unavailability of measured weight at medical visits around the time of conception, prepregnancy weight is seldom available in the prenatal care setting 44 and is frequently estimated by self-reported weight and weight at the first prenatal visit. It has been reported that ppBMI categorization based on self-reported weight is comparable to measured weight for the majority of women (>73%), 45 and our prior research in 1120 pregnant adolescents in Baltimore showed that selfreported prepregnancy weight was plausible in more than 90% of the adolescents based on their first measured weight in the first trimester combined with expected rates of weight gain. 46 Thus, although we recognize that the self-reported weight may not be accurate, it is reasonable to assume that such misclassification would probably be small, and if it had occurred, it would have reduced our ability to find meaningful associations. Another limitation of this study is the small number of adolescents in the class 2 and class 3 obesity categories. The small sample size in these groups undermined our ability to conduct subgroup analyses of obesity, inflammation, and iron status. Future studies in severely obese populations are needed to elucidate the possible threshold effects of inflammation on hepcidin and to examine the impact of severe maternal obesity on neonatal iron status.
In this large cohort of healthy pregnant adolescents, prepregnancy obesity had no negative impact on maternal and neonatal iron status. Maternal IL-6 increased across pregnancy and was positively associated with hepcidin only at delivery. Our results suggest that low-grade inflammation during pregnancy does not override the suppressive effect of iron depletion on hepcidin, supporting the notion that hepcidin expression is driven by the strength of each individual regulator under conditions of opposing stimuli. 
